Abstract: A compact structure is proposed to achieve electromagnetically induced transparency (EIT) response, which consists of a side-coupled cavity and a ring resonator. Novel structures and the transmission characteristics are studied in several different situations. The plasmonic device can be used as a high-sensitivity refractive sensor with a sensitivity of 1200 nm/RIU. In addition, multi-EIT-like peaks appear in the original broadband spectrum by adding another side-coupled cavity or ring resonator, and the physical mechanism is presented. The system paves a new way toward highly integrated optical circuits and networks, particularly for nanosensor, spectral splitter, and nonlinear devices.
Introduction
Surface plasmon polaritons (SPPs) are considered to have dramatically potential application in realization of highly integrated optical circuits due to their capability to overcome the diffraction limit of light [1] . To date, various types of plasmonic devices have been demonstrated experimentally and simulated numerically [2] , [3] . For example, Chai et al. experimentally realized ultracompact chip-integrated electromagnetically induced transparency (EIT) in a single plasmonic composite nanocavity [4] . Wang et al. proposed a graded non-linear plasmonic grating to realize all-optical switch [5] . As an intriguing physical phenomenon, EIT occurs in atomic systems due to the quantum destructive interference between the excitation pathways to the atomic upper level [6] , [7] . Tremendous attention has been attracted to study EIT phenomenon and they have been observed in various plasmonic structures, such as symmetry-reduced grating structure [8] , coupled resonant systems [9] , [10] , metamaterials [11] - [13] and metal-insulatormetal (MIM) waveguides [14] - [17] . Among all the nanostructures, the MIM waveguide structures have attracted many researchers' attention due to their deep-sub-wavelength confinement of light [18] - [21] . These structures are more suitable for the highly integrated optical circuits. Thus, the MIM waveguide has wide applications in deep subwavelength optical devices, such as filters [22] , [23] , sensors [24] , [25] and demultiplexers [26] - [28] . These results may open up a pathway in photonics and offer prospects of smaller devices for the manipulation and transmission of light. Therefore, combining the EIT-like response with MIM waveguide structures would create the possibility of achieving ultracompact functional optical components for use in highly integrated optics [11] .
In this paper, a compact plasmonic waveguide coupled with a side-coupled cavity and a ring resonator is proposed to generate EIT-like response. Simulation results show that the transparency windows can be easily tuned by changing the parameters of the structure and the material imbedded in the ring resonator. The proposed structure can serve as an excellent plasmonic sensor with a sensitivity of $1200 nm/RIU. In addition, the spectrum can be effectively split by expanding the original structure by means of adding another side-coupled cavity or ring resonator. These results could be applied for developing ultra-compact plasmonic devices in highly alloptical integration systems.
Theory and Model
The plasmonic nanostructure is shown in Fig. 1 , which consists of a MIM waveguide with a side-coupled cavity and a ring resonator. The width and length of the side-coupled cavity is w and L, the outer and inner radius of the ring is R o and R i , respectively. The width of the bus waveguide is w , and g denotes the coupling distance between the side-couple cavity and the ring resonator. This system is a two-dimensional model, and the blue and white parts signify the Ag ð" m Þ and air ð" d ¼ 1:0Þ, respectively. The presence of the aperture, width d and height s, is to ensure a strong coupling between the side-coupled cavity and the bus waveguide [29] . Herein, w , d , s and R o À R i are fixed to be 50 nm throughout this letter. When the SPPs waves propagate forward along the bus waveguide, most of them will be coupled to the side-coupled cavity through the aperture, then it could be partly coupled to the ring resonator. The transmittance of the SPPs is defined as the quotient between the SPP power flows (obtained by integrating the Poynting vector over the channel cross section) of the observing port with structures (aperture, side-coupled cavity and ring resonator) and without structures [30] , [31] . Since the width of the bus guide is much smaller than the incident light, only a single propagation mode TM 0 can exist in the structure, whose dispersion relation is determined by the equation [32] 
where k 0 ¼ 2= is the free-space wave vector, and spp is the wave vector of SPPs in the MIM waveguide. The permittivity of silver is characterized by the well-known Drude model [21] : Here, " 1 ¼ 3:7, ! p ¼ 9:1 eV, and ¼ 0:018 eV, which fits the experiment optical constant of silver [33] for the range of 800$2000 nm quite well. Based on the standing wave theory [34] , the resonant wavelength is determined by the resonance condition:
Here, L eff is the effective length of the resonator; n eff is the effective refraction index of SPPs, which can be written as n eff ¼ spp =k 0 ; and m is a positive integer, which represents the order of resonance. Based on (3), we can obtain that the dependence of the variation of the resonant wavelength on the resonator length L eff is
Simulations and Results
The properties of the proposed structure are investigated using the finite element method (FEM) with Comsol Multiphysics. In the simulations, the parameters are set to be L ¼ 200 nm, g ¼ 10 nm, R i ¼ 115 nm, and R o ¼ 165 nm. Fig. 2(a) shows the transmission spectra without and with the ring resonator. It is found that the transmission spectrum exhibits a broad dip at ¼ 1232 nm, when the ring resonator is removed. While when the ring resonator is added up the side-coupled cavity, a narrow transmission peak emerges in the original broad dip. This is a typical EIT-like spectral response [6] , [15] , [21] , which originates from the interaction between the broad continuous spectrum and the narrow discrete resonance caused by the side-coupled cavity and the ring resonator, respectively. At the resonant wavelength ¼ 1232 nm, calculations show that the effective refractive index and the propagation length of the SPPs in this MIM waveguide are n eff ¼ 1:38 À 0:003 i and L SPP ¼ 32:7 m, respectively (by solving the eigenfunction [Eq. (1)] of the SPP wave vector in the MIM waveguide). In the simulations, the proposed structure (see Fig. 1 ) is very compact (total length about 2 m), which is much smaller than the propagation length (about 32.7 m) of SPPs, so the Ohmic loss in the metal can be neglected. The corresponding field H z distributions at the transparency window without and with the ring resonator are displayed in Fig. 2(b) and (c), respectively. It can be seen from Fig. 2(b) that the energy of the incident wave is stored in the side-coupled cavity. However, the energy in the side-coupled cavity transfers to the ring resonator due to the destructive interference between the two resonators, as shown in Fig. 2(c) . Therefore, we can know that the main behavior of the transparency window is determined by the ring resonator.
As we know, the transmission characteristics of the plasmonic waveguide systems can be affected by the structure parameters. First, we calculated the transmission spectra for different radius R o with L ¼ 200 nm, as shown in Fig. 3(a) . It is found that the resonance peak has a red shift with a slope of Á=ÁR o % 8:667, as shown in the black dashed line in Fig. 3(a) . In this case, the effective length of the resonator is These results agree well with the slope of the black dashed line in Fig. 3(a) . According to the simulation results, the EIT-like peaks can be easily manipulated by adjusting the radius of the ring resonator.
Successively, we investigated the influence of the length of the side-coupled cavity L on the transparency windows when R o ¼ 165 nm, and as shown in Fig. 3(b) . It is clearly that the transparency windows keep almost unchanged ðÁ=ÁL % 0Þ with L increasing or a fixed R o , as shown the green dashed line in Fig. 3(b) . Because the resonant wavelength of the EIT-like is determined by the ring resonator [see Fig. 2(c) ].
Sensing Applications Based on EIT
Compact and light-weight diagnostic devices hold significant promise for early detection and monitoring of diseases in field settings. Plasmonic nanosensors are one of the key components [25] , [31] , [35] . Therefore, the influence of the material embedded in the ring resonator on the transparency windows is studied, as shown in Fig. 4 . It is obvious that the transparency windows redshift with a slope Á=Án % 1200. According to (4), we can get d =dn ¼ 2n eff Â ðR o þ R i Þ=m ¼ 2 Â 1:38 Â ð165 þ 115Þ=2 % 1214, agreeing well with the slope of the blue dashed line in Fig. 4 . This feature provides an excellent scheme for the applications toward nanoscale sensing [36] . The sensitivity of a sensor (nm/RIU) is usually defined as the shift in the resonance wavelength per unit variations of the refractive index [37] . Thus, the sensitivity of the proposed structure is 1200 nm/RIU. These results are higher than that (588 nm/RIU) in the reference [36] due to the strongly resonance in the ring resonator.
Spectral Splitting Based on EIT
The proposed EIT structure is flexible and can be easily extended to a double EIT system by adding a side-coupled cavity, as shown in Fig. 5(a) . Fig. 5(b) shows the transmission spectrum of the new structure. It is obvious that a new transmission peak emerges, revealing double EIT-like optical response. The corresponding field distributions of H z at the two peaks are displayed in Fig. 5(c) and (d) . From Fig. 5(c) ð ¼ 1127 nmÞ, we know that the energy is almost confined in the two side-coupled cavities, which has different length. The SPPs reflected back and forth between the upper and lower cavities, constructing a Fabry-Pérot resonator [2] , indicating that the new emerging peak is mainly due to the interaction between the two side-coupled cavities. Comparing with Figs. 2(c) and 5(d), we know that they have similar field distribution. Therefore, the low energy EIT peak or ¼ 1265 nm is caused by the coupling between the side-coupled cavity and the ring resonator.
In addition, another plasmonic structure is also proposed to achieve double EIT-like transmission spectrum, as shown in Fig. 6 . The structure system consists of one side-coupled cavities and two ring resonator. The coupling distance between the two ring resonators is also denoted as g ðg ¼ 10 nmÞ. Numerical simulation shows that only the radius of the two ring resonators are equivalent (
) that the two peaks can reach the highest. The FEM is used to calculate the transmission properties with different materials imbedded in the ring resonators, which are displayed in Fig. 7(a) -(e). Obviously, two EIT peaks emerge in the wide transmission spectra. The corresponding field distributions H z at these two EIT peaks are displayed in Fig. 7 (f) and (g). This phenomenon is similar to the mode splitting according to the plasmon hybridization theory, which is used in the coupled metal nanoparticle systems [38] . From Fig. 7(f) and (g), we can see that the side-coupled cavity resonates weakly while the two ring resonators resonate strongly, which is similar to the single EIT system shown in Fig. 1 . The difference between the two EIT peaks is that the phase of H z in the adjacent of the two ring resonators are inphase and antiphase for the high energy EIT peak ð ¼ 1188 nmÞ and low energy EIT peak ð ¼ 1300 nmÞ, respectively. According to the above results, the resonance spectra are split because of the phase-coupled effects. Moreover, the two EIT-like peaks are both varies linearly with the refractive index, as shown the blue and green dashed lines in Fig. 7 . These characteristics also offer flexibility to design a plasmonic nanosensor. This nanosensor yields a sensitivity of $1200 nm/RIU. Although the sensitivity of nanosensor does not improve, this structure can be served as a better spectral splitter. Based on above analysis, the structure (not shown here) with third ring resonator, which placed above the second ring resonator, is investigated to achieve three spectral splitting. shows the transmission spectrum of the system. Herein, the three ring resonators have the same radius (R o ¼ 165 nm, R i ¼ 115 nm). It is obvious that three narrower EIT-like peaks occur in the broadband transmission spectrum. The multi-resonator-coupled system with multi-EIT-like optical responses may have complex functional applications, such as channel selection, channel add-drop, multichannel switches, and wavelength-division multiplexing.
Conclusion
In conclusion, a novel plasmonic structure, which is composed of a side-coupled cavity and a ring resonator, is proposed and its transmission properties are investigated by FEM. Simulation results show that a typical EIT-like response emerges in the original broad dip, and the it can be easily tuned by changing the parameters of the structure and the material imbedded in the ring resonator. Based on above analysis, a nanosensor with a sensitivity 1200 nm/RIU and spectral splitter are achieved. Our structures may have important potential applications in highly integrated optical circuits and networks, especially for the nanosensor, spectral splitter, and nonlinear devices.
